Electron-phonon superconductivity in APt 3 P compounds: from weak to strong 
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We study the newly-discovered Pt phosphides APtsP (A=Sr, Ca, La) [T. Takayama, et al., 
Phys. Rev. Lett. 108, 237001] using first-principles calculations and Migdal-Eliashberg theory. We 
exclude the charge-density wave scenario proposed by previous first-principles calculations. Instead, 
we find that all three compounds are well described by conventional s-wave superconductivity. The 
pairing increases from La to Ca and Sr due to changes in the electron-phonon matrix elements and 
low frequency phonons. Our picture is fully supported by comparison with the available experimental 
data. This allows us to rule out exotic and multiband contributions to the superconducting pairing. 



In the last ten years, several important discoveries have 
sensibly advanced our understanding of superconductiv- 
ity. At the same time, ideas percolating from other fields 
of condensed matter have brought in new twists into this 
old and fascinating phenomenon. For example, the recent 
interest in spin-orbit coupling (SOC) 0] has revived the 
discussion on superconductivity in non-centrosymmetric 
crystals (NCSC) 0,01], boosted by the discovery of the 
heavy fermion CePt 3 Si (T c =0.75 K) in 2004 0]. In crys- 
tals without inversion symmetry, a strong antisymmetric 
SOC that lifts the spin degeneracy can be conducive to 
exotic pairing symmetry. Because of the large SOC of 
Pt (Z = 78), this makes Pt-bascd compounds promising 
candidates for exotic superconductivity, as discussed for 
SrPtAs 0,[i]. 

Recently, Takayama et al. discovered a new family of 
ternary platinum phosphide superconductors with chem- 
ical formula APt 3 P (A — Sr, Ca, and La) and T c 's of 
8.4 K, 6.6 K and 1.5 K, respectively 0]. Besides the rela- 
tively high T c , these compounds exhibit a very interesting 
crystal structure, which is a centrosymmetric variant of 
the CePt 3 Si one. The authors have suggested that this 
discovery would have a very strong impact in the field 
of superconductivity if one could synthesize both cen- 
trosymmetric and non-centrosymmetric variants of su- 
perconductors consisting of the electronically equivalent 
elements. This would in fact allow to study the effect of 
inversion symmetry on superconductivity in a controlled 
way. 

The nature of the superconducting pairing in the 
APt 3 P compounds has been debated through experi- 
ments 0] and ab initio calculations [H, [3] . In the original 
discovery paper, it was proposed that, at least in SrPt 3 P, 
the superconductivity is of strong-coupling s-wave type 
with clear signatures of low-lying phonons and some in- 
dications of multiband behavior. The authors of Ref. [3 
have instead proposed that T c is enhanced by the prox- 
imity to a dynamical charge-density wave (CDW) insta- 
bility, and that a strong SOC could eventually lead to 
exotic superconductivity in LaPt 3 P. 

In this Letter, we employ first principles calculations 
and Migdal-Eliashberg theory to study superconductiv- 




c$£p<53 
6' o, 



.4 

Pt(l) 
O Pt(2) 

P 



c) 



9 a q o o 
© o r> - 

a ox) 
o 

o o 6 



O o 

V 



FIG. 1. (Color online) (a) Crystal structure of APt3P, 

space group Pi/nmm. The \/2 X ^/2 in-plane arrangement of 
the distorted XPte octahedra (b) distinguishes the APt3P com- 
pounds from the non-centrosymmetric CePtaSi superconductor 
(space group Pimm); the corresponding unit cells are shown as 
full and dashed lines in panel (c). 



ity in the APt 3 P phosphides [13, E3]- We nnd that S0C 
plays a marginal role in all three compounds and show 
that the available experimental data are quantitatively 
reproduced by conventional ep theory [12j. This rules 
out exotic pairing and CDW instabilities 0. In fact, 
the APt 3 P series is a textbook example for ep supercon- 
ductivity: LaPt 3 P, where T c is only 1.5 K, is a typical 
low-T c superconductor in which all phonon branches are 
moderately coupled to the electrons at Ep. Lowering 
the electronic filling from trivalent La to divalent Sr and 
Ca brings about an intense ep coupling that is concen- 
trated in low-lying phonon branches with substantial Pt 
in-plane breathing character. In SrPt 3 P, these branches 
are flat and have low frequencies, and this entirely ex- 
plains the large value of its BCS ratios 0, [13]. 

We employed the experimental crystal structure in 
space group P4/nmm as depicted in Fig. [TJa) [3] with 
fully relaxed lattice parameters and internal coordinates. 
In these tetragonal antipcrovskites APt^X, the ionic 
radii of Pt and X ions are similar, and the X ions off- 
center from the octahedral basal plane formed by the 
Pt(l) ions as the X ion is too big to fit into the center 
of the Pt(l) square. The apical Pt(2) ion that is further 
from the X ion also moves closer to the basal plane to 
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ensure closer packing of the constituent ions. This distor- 
tion of the XPt$ octahedra occurs in both the phosphides 
(X=P) and in the non-centrosymmetric rare-earth sili- 
cides i?Pt 3 Si (i?=La,Ce) with space group Pimm. In the 
silicides, the distortions have a polar arrangement, i.e. 
they all point in the same direction. The corresponding 
unit cell that contains one formula unit (f.u.) is shown 
with dashed lines in Fig. Qlc). With full lines we show 
the \[2 x y/2 cell of the phosphides, where the distor- 
tions alternate in a checkerboard fashion and restore the 
inversion symmetry (antipolar structure). At zero pres- 
sure, we find a quite small (~ 10 meV) energy difference 
between polar and antipolar arrangements, hinting that 
it might be possible to tune the polar arrangement of the 
octahedra. 

Our electronic structures are in very good agreement 
with previous calculations [U, Q . A zoom- in of the bands 
for energies ±1 eV around the Fermi level (Ep) is shown 
in Fig. [2] with (red, dashed) and without (black, solid) 
SOC. Only in LaPt 3 P does the SOC lead to a visible 
lifting of some band degeneracies. But even in this case, 
the bands remain spin degenerate, in contrast to what 
is claimed by Ref. I3. The densities of states (DOS) at 
E F are N(0) ~ 2.36 st/eV f.u. in Sr, 2.37 in Ca and 
1.94 in La, and the SOC changes them by less than 5 
%. Since the SOC plays only a marginal role on the 
electronic states near Ep, we neglect it in the following. 

In the A 2+ compounds, the Fermi surface (not shown) 
comprises a large low dispersive sheet with prominent 
Pt(l) character and two more dispersive pockets with 
more Pt(2), P and interstitial character. Since the sheets 
are degenerate along certain sections and the orbital 
character along the sheets varies smoothly, genuine multi- 
band superconductivity, as proposed by Ref. 0, is highly 
unlikely, but the unequal distribution of the orbital char- 
acters on the FS sheets could lead to anisotropic super- 
conductivity. LaPtaP, with one more electron per f.u. 
has its Fermi level shifted up by ~0.5 eV, and the band 
with low dispersion along M — T is completely full. The 
Fermi surface is composed of highly dispersive sheets, 
with strongly mixed orbital contributions of Pt(2), P and 
Pt(l) characters. 

The phonon dispersions are shown in Fig. [3] The 
thirty phonon branches are divided into a lower mani- 
fold of twenty- four bands extending up to 200 cm -1 , an 
intermediate group of four phonon bands at ~ 300 cm -1 
that show mostly in-plane vibration of P, and two upper- 
most bands with mostly out-of-plane P character between 
390 and 420 cm -1 . In SrPt 3 P, within the manifold of 
the twenty-four intertwined lower bands, the bands upto 
60 cm -1 show mainly in-plane Pt(l) vibrations. The 
modes between 60 and 120 cm -1 have mixed Sr, Pt(l), 
Pt(2), and P character, while Sr character dominates the 
modes between 120 and 170 cm" 1 . Overall, the phonon 
dispersions of CaPt 3 P and LaPt 3 P are very similar, ex- 
cept for slight redistributions of the spectral weight. The 



phonon frequencies are slightly higher in CaPt 3 P due to 
its smaller volume. In LaPt 3 P, due to the larger mass of 
La, the La modes lie at lower frequencies and mix with 
Pt(l) and Pt(2) modes. 

On the other hand, there is a substantial difference in 
the Eliashberg functions, plotted in the rightmost panels 
of Fig. [3] and defined as: 

a2F{uj) = NW) ^ ^i^aW 25 ^^ 

(i) 

where Wj, q are phonon frequencies, ejj electronic energies, 
and |<7k k+^j| 2 e P matrix elements. The a 2 F(uj) yield in- 
formation not only on the intensity of the total ep cou- 
pling (EPC) A, but also on the nature of the bonding 
and character of the superconducting state. In general, 
an a 2 F(ui) roughly proportional to the PDOS is char- 
acteristic of metals with a weak to moderate total cou- 
pling and low T' c s < 5 K. The best ep superconductors, 
such as MgB2 and A15's, are instead characterized by 
sharp peaks in their a 2 F(w), reflecting a strong coupling 
between specific electron and phonon states. This re- 
quires (partly) covalent bonding and obeys clear symme- 
try considerations. It is not uncommon that within the 
same family of materials the electron count changes the 
ep coupling regime from weak to strong, depending on 
the nature of the electronic states at Ep in Eq. [TJ 

Fig. [3] shows that while the coupling is uniform in 
LaPtaP, in the two A 2+ compounds it is strongly en- 
hanced at low frequencies. Furthermore, it is almost 
entirely concentrated in the low-lying phonon branches 
with substantial Pt in-plane breathing character. These 
modes are very low in energy and almost dispersionless in 
SrPtaP [oj ~ 50 cm -1 ) and slightly harder in Ca, where 
they have a sizable dispersion that extends up to ^100 
cm -1 . One can trace their evolution in the two com- 
pounds by following the largest A q .„ symbols that dec- 
orate the phonon dispersions, or looking at the partial 
Pt(l) phonon DOS plotted in the middle panel of Fig. [3] 

In-plane Pt breathing modes couple more strongly to 
the Pt(l) in-plane electronic states, which contribute to 
a large part of the A 2+ Pt 3 P Fermi surface, but much less 
to that of LaPt 3 P. This causes some anisotropy in the k 
space distribution of the EPC and, as a consequence, in 
the q-dependence of the A q ^. 

The total EPC constant A = v \m = 

2 J °° a2F j u) du is quite low in LaPt 3 P (A = 0.57) but siz- 
able both in CaPt 3 P (A = 0.85) and SrPt 3 P (A = 1.33). 
Due to the \/u> factor, the EPC is strongly enhanced 
in SrPt 3 P with respect to CaPt 3 P because a consider- 
able part of the breathing branches is shifted to low 
frequencies. For some q points where the differences 
in uj^br are large, the partial EPC constants A q ,br = 
const x 7 q ,fc r /w qfcr differ by as much as a factor three 
despite a very small difference (~ 10%) in the matrix el- 
ements (hr), as shown in table Ufor the T point. The 



FIG. 2. (Color online) Electronic structure of APt 3 P with (red, dashed line) and without (black, solid line) spin orbit coupling (SOC); 
the zero of the energy is the Fermi level. 




FIG. 3. (Color online) Phonon dispersions, density of states and 
Eliashbcrg function a 2 F(uj) of APt 3 P. The phonon dispersions are 
decorated with symbols, proportional to the partial ep coupling 
A ql/ ; for readability, the A's for Sr have been rescaled by a factor 
two. The logarithmically averaged phonon frequencies u>i n , the ep 
coupling constants A, and the corresponding critical temperatures 
T c 's are given in table [Til 



small difference in the EP matrix elements implies that 
the lowering of the frequencies in Sr with respect to Ca 
is not due to increased EP coupling. Instead, we find 
that this is related to the decrease of the in-plane lattice 
constant a. This is discussed in detail also in Ref. @ [15j . 

Changing the dispersion of the breathing branch 
through the in-plane lattice constant also turns the 
regime for superconductivity from weak coupling in Ca 
to strong coupling in Sr, despite the very close criti- 
cal temperatures. In fact, the shift of spectral weight 
in u 2 F(<jj) to lower energies causes a strong enhance- 



TABLE I. Some calculated results for APt 3 P: Electronic den- 
sity of states at the Fermi level N(0) in states/eV/spin/unit 
cell; Wi n in K; Frequency lu^t in cm -1 , e-ph coupling At, r , 
and e-ph coupling strength Jbr in cm -2 for the in-plane Pt(l) 
breathing mode at T. 
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85.5 


0.63 


4605 


LaPt 3 P 


1.94 


0.57 


118 


91.5 


0.14 


1172 



ment in A, but it also induces a decrease in o;i n = 
cxp (| J °° dui/uja 2 F(uj) In us) - see Table HI These two 
factors compensate in the Allen-Dynes expression for T c : 



1.20 



exp 



1.04(1 + A) 
A - J? - 0.62A j u* 



but not in the BCS ratios (2A/T C , AC/T C , etc.), which 
to a very good approximation depend only on the ra- 
tio Tp/u}\ n , used to classify conventional superconduc- 
tors LaPt 3 P and CaPt 3 P, with T c /w m =0.013 and 
0.058, respectively, are in line with typical elemental met- 
als. SrPt 3 P (T c /uj\ n = 0.110) is placed at the lower end 
of a broad class of low-phonon, strong-coupling supercon- 
ductors together with the A15 and Chevrel compounds. 

From electronic structure calculations, we have con- 
cluded that APt 3 P phosphides are ep superconductors 
in which the superconducting regime can be tuned by 
varying the in-plane lattice constant. The analysis of the 
specific heat data of Ref. in terms of the single-band 
Migdal Eliashbcrg theory will now allow us to address 
the dynamical stability of low-lying phonons and the rel- 
evance of multiband or anisotropic superconductivity in 
SrPt 3 P. 

The inset of Fig. |4] compares calculations (solid lines) 
and experiments (symbols) for the total normal state spe- 
cific heat. The remarkable agreement suggests that our 
calculated phonon spectra are very close to the actual 
ones .ruling out the dynamical instabilities calculated in 
Ref. |g. In the main panel of the figure, the supercon- 
ducting state data for SrPt 3 P are shown as blue curves. 
The calculations reproduce almost exactly the experi- 
mental curve, indicating that the large ^ ~ 5 of Ref. 
is an artefact of the simplified a model employed to fit 
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the data, and the actual value of the gap is much lower 
^ ~ 4.06. This sensibly reduces the room for multiband 
superconductivity and excludes anisotropic effects sug- 
gested from electronic structure calculations, although 
the anisotropy could be washed out by the impurity scat- 
tering in the real samples. 

As for the low-T c compounds, we again obtain critical 
temperatures in very good agreement with experiments, 
which is a strong indication in favor of conventional su- 
perconductivity. CaPtsP (red curves in Fig. [4} displays 
a mass enhancement in the normal state that is 2.5 times 
larger than the calculated one, which we attribute to 
the presence of additional superconducting phases in the 
sample. All other quantities are in line with our calcula- 
tions. In fact, using the calculated value of 7 at = 10.3 mJ 
mol -1 K~ 2 , we obtain also a reasonable fit to the specific 
heat jump. For LaPtaP (green curves in Fig. [4} we obtain 
a fairly good agreement for the normal state quantities, 
while the superconducting state data are probably too 
noisy for a meaningful comparison. 




examples of superconductors that crystallize in an an- 
tipolar version of the crystal structure of the non- 
centrosymmetric heavy fermion CePtaSi. The remark- 
able agreement with the experimental data allows us 
to make some conclusive statements. In contrast to 
CePtaSi, where the Ce / states at the Fermi level have 
a large SOC, in APtaP the SOC plays a marginal role, 
excluding the possibility of exotic pairing as proposed 
for SrPtAs @|. We also did not find any signatures of a 
charge density wave instability as proposed in Ref 0. In- 
stead, we found that superconductivity is conventional, 
with an ep coupling which is moderate in La, and much 
stronger in Ca and Sr, where Pt(l) breathing phonons 
couple to in-plane electronic states. SrPtaP, where the 
breathing modes have low frequencies, belongs to the 
same class of low-frequency, strong-coupling supercon- 



ductors, as the A15 and Chevrel compounds [L3(. The 
low frequency phonon behaviour can be tuned by modi- 
fying the in-plane lattice parameter. Together with the 
possibility of controlling the polarity of the structure 
through suitable choice of the X atom, this makes AP%X 
compounds a very promising new class of superconduc- 
tors. 

Acknowledgements: We would like to acknowledge A. 
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Note: During the submission of this work, we became 
aware of a related study on lattice dynamics in APt 3 P 
compounds [l6| . 



FIG. 4. (Color online) Comparison between experimental data 
from Ref. (colored dots) and Migdal Eliashberg theory (colored 
lines) for the heat capacities of APt3P {A = Sr, Ca and La). Inset: 
Comparison between experimental data from Ref. (blue dots) and 
first-principles calculations (blue line) for the normal state specific 
heat of SrPt 3 P. 



TABLE II. Superconducting properties of ^4Pt3P, from first- 
principles calculations and Migdal-Eliashberg theory; 7at is 
the electronic normal-state specific heat, in mJ mol -1 K~ 2 , 
A(0) is the value of the superconducting gap, AC is the spe- 
cific heat jump at T c . Experimental data from Ref. are in 
parentheses. The Coulomb pseudopotential /i* was fixed to 
reproduce the experimental T c . 



7jv T c 


2A(0)/T C 


A C/T c 


T c /uJl n 


M* 


Sr 12.9 (12.7) 8.5 (8.4) 


4.06 


29.0 (28 ) 


0.110 


0.11 


Ca 10.3 (17.4) 6.34 (6.6) 


3.66 


16.8 (11 ) 


0.058 


0.09 


La 7.18 (6.7) 1.56 (1.5) 


3.53 


10.5 (2 ) 


0.013 


0.11 



In conclusion, the first-principles calculations and 
Migdal-Eliashberg analysis presented in this work prove 
that the superconductivity in the APtaPt compounds 
is of conventional ep nature. These arc the first three 
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